INTRODUCTION
The early steps of isoprenoid biosynthesis have been well documented in eukaryotes, especially through the pioneering work of Bloch, Lynen and Cornforth (see reviews [1] [2] [3] ). The universally admitted precursor of isoprenoids, mevalonate (MVA), is synthesized by the condensation of three acetyl-CoA (Ac-CoA) units via aceto-Ac-CoA and 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) and affords after phosphorylation and decarboxylation isopentenyl diphosphate (IPP). Even if this biogenetic scheme has been now well established for many eukaryotes and some archaebacteria [4] , little is known about isoprenoid biosynthesis in eubacteria.
Some results are even puzzling. Indeed, incorporation of 14C-or 13C-labelled acetate into the isoprenic side chain of ubiquinone from Escherichia coli was apparently in contradiction with the classical scheme [5, 6] . Furthermore, incorporation of [1-13C] and [2-'3C]-acetate into the triterpenoids of the hopane series [7] from three Gram-negative bacteria (Rhodopseudomonaspalustris, Rhodopseudomonas acidophila and Methylobacterium organophilum) grown on synthetic media containing only acetate as carbon source raised clearly unexpected problems concerning the early steps of isoprenoid biosynthesis [8] : (i) exogenous acetate was not, as expected, directly incorporated into this biosynthetic pathway; (ii) no scrambling of the isotopic enrichment occurred; (iii) the observed labelling patterns differed completely from those expected from the classical isoprenoid-biosynthetic route. They could be explained either in the frame of the former biogenetic scheme by a compartmentation of Ac-CoA metabolism with two non-interconvertible Ac-CoA pools (issued, e.g., from the glyoxylate cycle and from the Entner-Doudoroff catabolic pathway of glucose) or by an as-yet-unknown sequence of fully different enzymic reactions. In a preliminary experiment using [5-13C] hopanoids of Zymomonas mobilis equally incompatible with the classical scheme [9] .
In the present paper we give now full evidence for the existence of a novel pathway concerning the early steps of isoprenoid biosynthesis toward IPP or dimethylallyl diphosphate (DMAPP). This could be achieved by the incorporation of 13C-labelled precursors (glucose, acetate, erythrose and pyruvate) into polyterpenoids (hopanoids and ubiquinones; Figure 1 ) from several bacteria differing one from each other by the metabolic pathways implied in the utilization of the carbon source added to the culture medium. A novel hypothetical pathway could be thus proposed: the C5 isoprenic units IPP or DMAPP would not be formed via HMG-CoA and MVA, but by direct condensation of thiamine-activated acetaldehyde arising from pyruvate decarboxylation on a C3 unit derived from a triose phosphate (e.g. dihydroxyacetone phosphate), followed by a transposition step. hopanoids isolated as previously described, yielding the heptaacetates of (Illa, Figure 1 ) (4 mg) and (IVa) (3 mg) [11, 12] . Methylobacteriumfujisawaense (strain SAL isolated by Corpe and Rheem [13] and identified by Green et al. [14] on the basis of phenotypic tests) was grown aerobically in 2-litre Erlenmeyer flasks on the ammonium/mineral-salt medium for methylotrophs [15] containing an additional carbon source (see Table 1 Escherichia coli (DSM 30083) was grown on a synthetic medium containing a single carbon source (acetate, glucose; see Table 1 Polyterpenoid Identffication and evaluation of the isotopic abundances Hopanoids from Z. mobilis and M. fujisawaense have been identified by 'H-and 13C-n.m.r. spectroscopy and by comparison with the corresponding hopanoids previously isolated in this laboratory [11, 12] , those of Alicyclobacillus acidoterrestris by comparison ('H-and "3C-n.m.r. spectroscopy) with hopanoids we have isolated from A. acidocaldarius and already described by Langworthy and co-workers [19, 20] . Ubiquinones were identified by 'H-and 13C-n.m.r. spectroscopy and electron-impact directinlet m.s. and comparison with authentic standards from Hoffmann-La Roche (Basle, Switzerland).
EXPERIMENTAL
Assignment of the "3C-n.m.r. spectra was made according to data from the literature [21] or obtained in the laboratory [11, [22] [23] [24] . Isotopic abundances were determined by 13C-n.m.r. spectroscopy in [2H]chloroform solution on Bruker WP 400 or Bruker AC 250 spectrometers as reported previously [8] and are indicated as mean values of the isotopic abundances of the equivalent carbon atoms from all isoprenic units (Table 1) . As aH isoprenic units from the analysed hopanoids and ubiquinones were always identically labelled, for the sake of clarity the labelling patterns are only indicated for the framework of IPP, whose numbering is given in Figure 2 . Acetate and pyruvate were utilized as their sodium salts. Notes: a In the case of the [2-13Clacetate experiments, as all carbon atoms from isoprenic units were labelled, it was difficult to evaluate correctly the isotopic abundances; only relative abundances are therefore given; b values of the 2J 13C/13C coupling constants for the carbon atoms derived from C-4 and C-S of glucose; ubiquinone (Vb): in all isoprenic units: 2J = 2.5-3 Hz; diplopterol (la) trimethylsilyl ether: C-3/C-23 <0.5 Hz, C-1/C-5 1 Hz, C-7/C-9 0.9 Hz, C-13/C-15 1 Hz, C-17/C-19 2.5 Hz, C-21/C-29 1.5 Hz; 2f3-methyidiplopterol (lb) trimethylsilyl ether: C-3/C-23 <0.5 Hz, C-1/C-5 0.8 Hz, C-7/C-9 0.8 Hz, C-13/C-15 0.9 Hz, C-17/C-19 2.6 Hz, C-21/C-29 1.6 Hz; tetra-acetate of (Il): C-3/C23 <0.5 Hz, C-1/C-5 0.9 Hz, C-7/C-9 0.8 Hz, C-13/C-15 0.8 Hz, C-17/C-19 3.1 Hz ,C-21/C-29 <0.5 Hz; cin the case of the [3-13C] pyruvate incorporation, no values are indicated; indeed C-1 and C-5 were always labelled, but the isotopic abundances were different in all analysed polyterpenoids ranging from about 10% for C-1 as well as for C-5 in ubiquinone-8 (Va) and diplopterol (la) to 20% for 23-methyidiplopterol (lb) in the case of the culture grown in the presence of acetate, or from a non-significant level in bacteriohopanetetrol (II), to 2.0-2.5% (C-5) and 5-6% (C-1) in ubiquinone-8 (Va) and diplopterol (la) and 2.5% (C-5) and 10% (C-1) for 2fl-methyidiplopterol (lb) in the case of the culture grown in the presence of glucose. This reflects probably preferential consumption of one of the proposed carbon sources and different turnovers for each isoprenoid during bacterial growth; dAs erythrose was only weakly incorporated in the chain of ubiquinone, no quantitative data are given. The structure of IPP is shown below:
Carbon source Isotopic enrichments of polyterpenoids Incorporation abundance concentration Analysed expt. of the precursor (%) [8] . In some cases the results were refined using mean values of the intensities of the signals from carbon atoms that were shown unlabelled by the preceding methods [10] [E C-6
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A. acidoterrestris 30% 70% 50% C-3 50% C-6 5-50% C-1 B) 50% C-2 : Figure 2 Origin of the carbon atoms as calculated from isotopic abundances ( (Figure 2, pattern A) . The C-4 carbon atom of isoprenic units was never labelled and could accordingly only arise from C-4 ofglucose. The patterns observed on the hopanoids after feeding of each labelled glucose were again not consistent with the classical pathway (Figure 2 , pattern A), as in this bacterium acetate units could only indistinctly derive either from C-2/C-3 of glucose (via pyruvate), or from C-5/C-6 (via glyceraldehyde 3-phosphate and pyruvate).
Our previous results obtained with 13C [6-13C] glucose have been performed with E. coli, which does not synthesize hopanoids [7] . Labellings in this case of the isoprenic units from ubiquinone-8 were qualitatively identical with those observed for the isoprenoids of M. fujisawaense (Table 1) . These experiments performed on E. coli were completed by an incorporation of [1-13C] glucose. As C-I of glucose is completely lost as CO2 by the decarboxylation of pyruvate, no label could be incorporated into the hopanoids of Z. mobilis from this precursor. In E. coli, however, growth on [1-13C] Figure 2 , pattern C). This corresponds to glucose degradation via the Embden-Meyerhof-Parnas pathway instead of the Entner-Doudoroff pathway [27] . Finally, as all tested bacteria were Gram-negative, a last set of experiments was performed with the Gram-positive A. acidoterrestris, which could be grown on glucose, but not on acetate. Figure 2 , pattern A), it was reasonable to postulate a new biogenetic scheme. The basic C5 framework of isoprenic units derives from only two precursors corresponding respectively to carbon atoms C-3 and C-5 of isopentenol (which have each a dual origin) and to carbon atoms C-1, C-2 and C-4 (which derive each from a single carbon atom from glucose).
The precursor for C-3 and C-5 of IPP In Z. mobilis C-3 of IPP arises indistinctly from C-2 and C-5 of glucose and C-5 from C-3 or from C-6 of glucose (Figure 2 , pattern A). This could correspond to the mixing oftwo equivalent pools of a same C2 precursor of dual origin. Such a precursor could be obtained from the decarboxylation of pyruvate. Indeed, in Z. mobilis, glucose is oxidized into 2-oxo-3-deoxy-6-phosphogluconate. This oxo acid is cleaved into pyruvate (corresponding to C-1, C-2 and C-3 of glucose) and glyceraldehyde-3-phosphate, which can be converted into pyruvate (corresponding in this case to C-4, C-5 and C-6 of glucose). After mixing of the two preceding pyruvate pools and after decarboxylation, a C2 precursor derived from thiamine-activated acetaldehyde is obtained, deriving equally from C-2 and C-3 as well as from C-5 and C-6 of glucose. This interpretation is, furthermore, in full accordance with the labelling patterns obtained in the isoprenoids from M. fujisawaense, E. coli and the bacteria we have previously examined by feeding of 13C-labelled acetate [8] (Figure 2, pattern D) . Indeed, after incorporation of the exogenous acetate from the culture medium into the glyoxylate cycle and the tricarboxylic acid cycle, C-2 and C-3 from pyruvate or phosphoenolpyruvate obtained from oxaloacetate derive solely from the acetate methyl group, whereas C-1 derives equally from carboxylate or from methyl group [8] . This shows that the two former carbon atoms are incorporated simultaneously into isoprenic units from a single C2 precursor.
The precursor for C-1, C-2 and C-4 of IPP Concerning the three remaining carbon atoms C-1, C-2 and C-4 of IPP which derive respectively from C-6, C-5 and C-4 of glucose, the most striking question is whether they arise from two precursor molecules as in the classical pathway or from one single precursor with insertion of the abovementioned C2 unit between the two carbon atoms derived from C-5 and C-4 of glucose. After incubation of doubly labelled [4,5- This unambiguously points out the following features: (i) C-4 and C-5 of glucose are simultaneously introduced into isoprenic units; (ii) the formerly described C2 precursor is inserted between these two carbon atoms; (iii) a transposition step is required in order to obtain the isoprenic framework; (iv) all these conditions rule completely out the occurrence of the classical pathway and HMG-CoA as precursor for isoprenoids.
We postulated first that mevalonate could be the precursor of the polyterpenoids. In this case, assuming that the carbon atom lost by the decarboxylation of mevalonate diphosphate into isopentenyl diphosphate derived from C-3 of glucose, one could recognize the C4 skeleton of a D-erythrose derivative as a possible precursor of mevalonate. Indeed, erythrose 4-phosphate is obtained via the non-oxidative pentose phosphate pathway and derives from carbon atoms C-3-C-6 of glucose. Feeding of [2- '3C]erythrose to M. fujisawaense or E. coli effectively led to the same labelling pattern in isoprenoids as that expected from an incorporation of [4-'3C]glucose (Table 1 ). This result is, however, ambiguous, and does not correctly prove the direct implication of erythrose as precursor for isoprenoids, as the free tetraose could be incorporated in the place of erythrose 4-phosphate into the non-oxidative pentose phosphate pathway. Through transketolase, [2-13C]erythrose and xylulose-5-phosphate could be converted into unlabelled glyceraldehyde 3-phosphate and [4-13C] fructose, which, in turn, could be incorporated into isoprenoid biosynthesis like glucose.
In fact erythrose can be eliminated as a precursor for isoprenic units by the results obtained with E. coli and A. acidoterrestris. These two bacteria incorporated similarly [1-13C]-as well as [6-13C] -glucose into their polyterpenoids, and there is no known metabolic pathway permitting the incorporation ofC-I ofglucose into erythrose. We assumed therefore that mevalonate was not the precursor for isoprenoids in the bacteria we were working on. In this case, the C5 isoprenic framework could directly be formed by the condensation of the C2 unit derived from pyruvate decarboxylation on a C3 unit the origin of which has still to be determined. Again the clue for a possible origin of the second precursor could be deduced from the origin of the carbon atoms as found after feeding Z. mobilis or M. fujisawaense with 13C-labelled glucose. Indeed, C-1, C-2 and C-4 from isopentenol derive respectively from C-6, C-5 and C-4 of glucose. This corresponds exactly to the C3 framework of the triose phosphates obtained in these bacteria by the glucose catabolism via the Entner-Doudoroff pathway. This catabolic sequence yields from one molecule of glucose on the one hand pyruvate (C-1-C-3 of glucose) and, on the other hand, glyceraldehyde-3-phosphate (C-4-C-6 of glucose). This hypothesis was in accordance with the incorporation of 13C-labelled glucose into the isoprenoids from E. coli and A. acidoterrestris, which metabolize glucose via glycolysis and oxidative pentose phosphate pathway. Indeed in the glycolysis, fructose 1,6-diphosphate synthesized from glucose is cleaved into dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, which can be isomerized one into the other: this allows the incorporation of C-I as well as C-6 from a hexose. The lower incorporation of C-1 is due to partial glucose metabolism through the oxidative pentose phosphate pathway in which C-1 is lost by decarboxylation of 6-phosphogluconate. Experiments performed with 13C-labelled acetate confirmed this interpretation: C-1 and C-2 of IPP derive uniquely from acetate methyl group, whereas C-4 derives equally from carboxylate or from methyl groups (Table 1 ; Figure 2 , pattern D; [8] ). This corresponds exactly to the origin of the carbon atoms of phosphoenolpyruvate issued from glyoxylate cycle and the tricarboxylic acid cycle, and hence of those of triose phosphates derived from them. Finally incorporation of [3-13C] Novel hypothetcal biogenetic scheme
The following main feature for a hypothetical scheme for the early steps of isoprenoid biosynthesis could be proposed from the labelling experiments we have performed (Scheme 1). Formation of the C5 isoprenic framework could proceed much like the biosynthesis of L-valine. Addition of thiamine-activated acetaldehyde resulting from pyruvate decarboxylation on the C-2 carbonyl group of a dihydroxyacetone derivative (e.g. dihydroxyacetone, monohydroxyacetone or their mono-or diphosphates, methylglyoxal...) is followed by a transposition step. The following steps (reduction, isomerization, water elimination) are not known, but could again in many aspects be similar to those found in L-valine biosynthesis. However, at least for Z. mobilis, L-valine or one of its C5 precursors can be fully excluded as precursor for isoprenoids, as the labelling patterns of the amino acids have been determined for each experiment [10] . The origin of the carbon atoms of this amino acid arising only from pyruvate ( Figure 2, pattern B) is different from those of the isoprenic units ( Figure 2, pattern A) . Indeed, the L-valine skeleton resulted, as expected, from the condensation of thiamineactivated acetaldehyde on the carbonyl group of pyruvate indifferently obtained from glucose by the Entner-Doudoroff pathway, either directly (C-1-C-3 of glucose) or via glyceraldehyde 3-phosphate (C-4-C-6 of glucose). [29] [30] [31] [32] . Although the radioactivity has usually not been localized, the incorporation of 14C and, in one case of 13C labelled mevalonate into bacterial isoprenoids of different series (C30 and C40 carotenoids, acyclic polyprenol derivatives, isopentenyladenosine, sterols), is also in favour of the occurrence of the classical pathway [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . This pathway is also present in the Archaebacteria examined so far, as shown by the incorporation of labelled acetate, mevalonate, glycerol or glucose into the lipids containing phytanyl chains of the thermoacidophilic Caldariella acidophila [4] or the halophilic Halobacterium species [45] [46] [47] [48] and by the conversion of HMG-CoA into MVA by enzymic preparations from the latter bacteria [49] . In contrast, the negative results obtained after tentative incorporation of expected intermediates such as acetate or mevalonate or the poor incorporation rates are against the presence of the classical route in several other bacteria [50] [51] [52] [53] [55] . It is most probably of general significance: it concerns polyterpenoids from several series such as sesquiterpenoids (pentalenelactone), triterpenoids (hopanoids) and acyclic polyprenols (ubiquinones), and the choice of the micro-organisms was only dictated by the convenience of the isolation of their polyterpenoids and/or their metabolic capacities and not by any phylogenetic or taxonomic relationships. Our main target is now the full elucidation of this novel mode of formation of IPP and DMAPP and to try to find out the distribution and eventually the phylogenetic significance of this novel pathway for the early steps of isoprenoid biosynthesis.
